Functional inactivation of p53 by gene mutation and deletion, protein degradation, or viral oncogene binding renders a mammalian cell susceptible to oncogenic stimuli and environmental insults that promote growth deregulation and malignant progression. Although a variety of mechanisms have been proposed for how p53 protects cells against neoplastic transformation, it is becoming clear that p53 integrates signals from the cell's internal and external environment to respond to inappropriate growth promoting or growth inhibiting conditions (for review, see Gottleib and Oren 1995; Ko and Prives 1996; Levine 1997 ). This ''sensor'' function of p53 makes it unusual in the tumor suppressor gene family. The list of stimuli that alter p53 activity is increasing and our understanding of the signal transduction pathways used to signal to p53 are starting to become elucidated.
The predominant regulation of p53 occurs at the protein level. Mutations in p53 that affect its conformation typically increase its half-life, in part by inhibiting degradation by the ubiquitin complex (Maki et al. 1996; Haupt et al. 1997; Kubbutat et al. 1997; Midgley and Lane 1997) , and the majority of human tumor mutations decrease the sequence-specific DNA binding and transcriptional activity of p53 protein (Cho et al. 1994) . In unstressed cells, p53 appears to be present at low levels and exists in a latent, inactive form that requires modification to become active. The types of modification that p53 is subjected to seem to be stress-, species-and celltype-specific. Levels and/or activity of p53 increase in response to DNA damaging agents (Maltzman and Czyzyk 1984; Kastan et al. 1991; Nelson and Kastan 1994) , decreased oxygen (Graeber et al. 1994) , oncogenic stimuli (Debbas and White 1993; Lowe and Ruley 1993; Hermeking and Eick 1994; Wanger et al. 1994; Serrano et al. 1997) , cell adhesion (Nigro et al. 1997) , altered ribonucleotide pools (Linke et al. 1996) , and redox stress (Hainaut and Milner 1993a; Hupp et al. 1993) . Although all of these stresses signal the activation of p53 protein, unique pathways appear to be utilized by the different stresses.
Is p53 protein accumulation needed for p53 activation or are modifications necessary for p53 activation separable from the modifications required for p53 protein accumulation? Both the modifiers and the types of modification will be important to sort out to understand the relationship between accumulation and activation. Although the two appear to be separable Hupp et al. 1995) , it is possible that both are essential for full tumor suppressor function.
The importance of p53 and modifications that affect its functions are not limited to malignant disease. The activity of p53 can increase in normal tissues when undergoing pathophysiological changes that result in oxidative or redox stress, such as ischemia and reperfusion injury of the brain, heart, and other tissues. Thus both oxidative stress generated by hydrogen peroxide, as well as reducing stresses generated by the lack of oxygen, appear to be potent stimulators of p53 activity. In addition, the link between p53 function and the modulation of angiogenesis further implicates p53 pathways in the processes of wound healing (Antoniades et al. 1994 ) and ischemic injury responses (Banasiak and Haddad 1998) . At present little is known about the pathways that control p53 activity in response to ischemia and reperfusion in normal tissues, and this area should be fertile ground for research in future years. In this review, we discuss what is known about how various stressors signal to p53 and the various mechanisms utilized to modulate p53 activity. Because of the focus on signaling to p53, we will not attempt to discuss the ''downstream'' physiologic effects of p53 activation such as cell-cycle perturbations or cell death.
General themes for modulating p53 activity
Because p53 is such a critical cellular protein, it is not surprising that multiple mechanisms have evolved to regulate its activity. This myriad of modulatory mechanisms probably exists both to tightly and rapidly control the activities of p53 and to provide alternative regulatory mechanisms for different cell types and different physiologic stimuli. In all of the discussions to follow of mechanisms used to modulate p53 function, several caveats need to be maintained. First, there will almost cer-tainly be cell type-specific differences in the mechanisms used to achieve certain end points. In addition, genetic differences in comparable cell types (e.g., oncogenic changes) could alter p53 signaling pathways. For example, a certain cytotoxic stimulus may use two different kinases in two different cell types to achieve the same post-translational modification or two different mechanisms may be used to achieve the same functional endpoint. In addition, two different stimuli may use two different kinases to achieve a particular post-translational modification. This is evidenced by the apparent use of two different kinases to phosphorylate serine 15 after ionizing radiation (IR) versus ultraviolet radiation (UV). Second, there may be different mechanisms utilized to regulate p53 function at different stages in the cell cycle. This may depend in part on cell cycle-dependent differences in expression or activity of certain modulatory proteins. Finally, for most of the p53 regulatory mechanisms discussed below, it is not clear what fraction of total cellular p53 contains the modification or is bound nor what fraction must be so modified to achieve a particular functional endpoint.
Transcriptional or translational control
There are few examples of situations in which p53 activity is controlled by altering the level of p53 mRNA. This observation is consistent with the need to typically modulate p53 function in an extremely rapid manner in most physiologic situations, and with the more efficient regulation and ''fine-tuning'' that can be done by modulating the protein product itself. In addition, it might also be disadvantageous to regulate p53 at the transcriptional level after damaging the DNA template. However, one setting in which p53 appears to be regulated at the level of mRNA expression is during the development of certain tissues, with spermatogenesis being the clearest example (Schwartz et al. 1993) . It is also noted that amplification of p53 genes, whether wild-type or mutant, and consequent overexpression of p53 mRNA has not been reported in human tumors.
Although levels of p53 mRNA do not change detectably in response to physiologic stimuli such as DNA damage, the levels of p53 protein increase rapidly (Kastan et al. 1991) . The half-life of p53 protein increases measurably after DNA damage (Maltzman and Czyzyk 1984; Price and Calderwood 1993; Maki and Howley 1997) , but it appears that enhanced translation of p53 mRNA also contributes to this induction. Protein synthesis inhibitors block the increase in p53 protein after DNA damage (Kastan et al. 1991) and both the 5Ј and 3Ј-untranslated regions (UTRs) of p53 mRNA have been implicated in regulating p53 protein levels (Mosner et al. 1995; Fu and Benchimol 1997) . In particular, Benchimol and colleagues utilized reporter constructs containing the 3Ј UTR of p53 to conclude that IR increased p53 mRNA translation via this regulatory region (Fu and Benchimol 1997) . The relative contributions of enhanced translation versus increased half-life to DNA damageinduced increases in p53 protein levels remain to be clarified. It will not be surprising if the relative importance of these two processes varies in different cell types and with different stimuli.
Alterations in p53 protein half-life
p53 is a short-lived nuclear protein with a half-life of ∼5-20 min in most cell types studied. Following exposure to DNA damage, the half-life of p53 protein increases by severalfold (Maltzman and Czyzyk 1984; Price and Calderwood 1993; Maki and Howley 1997) . Recent studies have implicated the Mdm2 protein as a major intracellular regulator of ubiquitin-mediated degradation of p53 protein (Haupt et al. 1997; Honda et al. 1997; Kubbutat et al. 1997; Midgley and Lane 1997) . It had been known for some time that the Mdm2 protein could inhibit p53 function by binding to and inhibiting transactivation by p53 (Momand et al. 1992; Oliner et al. 1993; Thut et al. 1997) , but these recent studies demonstrated that Mdm2 binding also targets p53 for rapid proteosomal degradation. If Mdm2 fails to bind to p53, the intracellular levels of p53 protein increase, thus potentially contributing to the initiation of p53-dependent processes such as cell cycle arrest or apoptosis. The physiologic significance of this mechanism of p53 regulation has subsequently been supported by the observations that activation of p53 by either DNA damage (Shieh et al. 1997) or by oncogenes via p19 ARF (de Stanchina et al. 1998; Zindy et al. 1998 ) are both associated with decreased binding of Mdm2 protein to p53 (Shieh et al. 1997; Kamijo et al. 1998; Pomerantz et al. 1998; Zhang et al. 1998 ). Other proteins also appear to target p53 stability as a mechanism of regulation. For example, it has recently been suggested that hypoxia increases p53 protein levels via induction of HIF-1␣, which can bind to and stabilize p53 . Conversely, E6 protein from oncogenic human papillomaviruses decreases intracellular levels of p53 protein by enhancing its ubiquitin-mediated degradation (Scheffner et al. 1990; Werness et al. 1990) .
Alterations in p53 functional activity
Changes in the levels of p53 cannot be the whole story in the regulation of p53 function. Both post-translational modifications and alterations in p53-binding proteins also appear to be major contributors to the modulation of p53 activity. This was apparent initially from observations that, whereas recombinant p53 produced in bacteria bound poorly to DNA, sequence-specific DNA binding could be markedly enhanced by either carboxy-terminal phosphorylation or incubation with a carboxyterminal binding anti-p53 antibody (Hupp et al. 1993) . Such studies implicated the carboxy-terminal domain of p53 as a regulatory region of the protein and subsequent studies have supported this concept (Hupp et al. 1995; Jayaraman and Prives 1995; Lee et al. 1995; Selivanova et al. 1997) . Other characterized functional domains of p53 include sequences required for transactivation in the amino terminus, sequences required for specific DNA binding in the central portion of the protein, and sequences involved in oligomerization in the carboxyl tail ( Fig. 1) . In addition, a proline-rich region exists between the amino-terminal transactivation domain and the central DNA-binding domain, which has been implicated in both p53-mediated growth arrest (Walker and Levine 1996) and apoptosis (Venot et al. 1998) . Although the mechanisms remain to be elucidated, recent work has suggested that it cooperates with the carboxy-terminal domain in negatively regulating p53 function and maintaining p53 in a latent, low-affinity DNA-binding conformation (Muller-Tiemann et al. 1998) .
The existence of these various regions of p53 that can modulate its activity sets up a situation in which a primary p53 regulatory mechanism could be by specific post-translational modifications of one or more of these domains, or modulation of proteins that bind to these domains. In fact, the scenario that is developing from recent studies is that a series of post-translational modifications occurs in p53 that can affect its levels, its function, its homo-and hetero-oligomerization, and its DNA-binding capabilities. Increasing the complexity of such scenarios is the likelihood that some of these posttranslational modifications in turn affect p53 functions by altering its abilities to bind to other proteins. It is easy to see how these kinds of complex interactions could result in rapid and tight regulation of p53 protein.
In general, we still have a primitive understanding of the functional ramifications of any one of these posttranslational modifications and a discussion of these preliminary insights is beyond the scope of this article. However, it should be noted that elucidation of the functional role(s) for any given modification is difficult. First, a series of modifications may work in concert to achieve a particular functional endpoint and elimination of any one modification may have only a modest effect on that function. Second, the typical approach to analyzing the effects of a post-translational modification is to mutate that site in a recombinant cDNA vector and evaluate it for activity following transfection into a target cell. However, if the influence of a particular modification is modest and quantitative, it's importance may be obscured by overexpression of such a recombinant protein.
Post-translational modifications. I. Phosphorylation p53 is phosphorylated on numerous serines in both the amino-and carboxy-terminal domains, whereas the central core domain remains apparently free of post-translational modifications (Fig. 1) . A number of kinases have been implicated in phosphorylation of p53 in vitro (Hupp and Lane 1994) , including casein kinase I (serines 6 and 9; Milne et al. 1992) , DNA-PK (serines 15 and 37; LeesMiller et al. 1990; Shieh et al. 1997) , ATM and ATR (serine 15; Banin et al. 1998; Canman et al. 1998 ), CDKactivating kinase (CAK) (serine 33; Ko et al. 1997 ), cdk2 and cdc2 (serine 315; Bischoff et al. 1990; Price et al. 1995) , protein kinase C (serine 378; Baudier et al. 1992) , and casein kinase II (serine 392; Hall et al. 1996) . [Note:
The residue numbers reflect the human p53 protein sequence.] These modifications likely represent the balances between phosphorylation and phosphatase events. Supporting such a concept was the observation that activation of latent recombinant p53 by protein kinase C was reversible by treatment with protein phosphatases 1 or 2a (Takenaka et al. 1995) . Many of these sites are also phosphorylated in vivo, but which sites are modified in the basal state and which are altered in response to specific physiologic stimuli is only now beginning to be addressed. For example, IR appears to result in both de novo phosphorylation of serine 15 (Shieh et al. 1997; Siliciano et al. 1997 ) and dephosphorylation of serine 376 (Waterman et al. 1998 ).
Post-translational modifications. II. Acetylation Sequence-specific DNA binding is only one component of the ability of p53 to function as a transcription activator. p53 must also be able to interact with the transcriptional machinery to influence transcription of its target genes. In addition to interacting with components of TAF (Lu and Levine 1995; Thut et al. 1995) , members of the histone acetylase family, p300/CBP, have recently been shown to bind to p53 and enhance p53-mediated transcription (Avantaggiati et al. 1997; Lill et al. 1997a; Scolnick et al. 1997 ). The concept that this Figure 1 . Schematic representation of p53 protein domains and post-translational modifications. p53 is a 393-amino acid protein with major domains characterized as transcriptional activation (TA), proline-rich domain (PRD), DNA-binding domain (DBD), nuclear localization signal (NLS), and carboxy-terminal domain (CTD). The TA is also the region where Mdm2 and TAF [TATA-binding protein (TBP)-associated factor] bind. PRD may be a negative regulatory domain. The DBD is the site of the vast majority of tumor mutations and is the area where SV40 large T antigen binds. The CTD is considered the region of major allosteric regulation of p53 function and contains the sequences necessary for dimerization and tetramerization. CKI phosphorylates serines 6 and 9 in vitro. ATM and DNA-PK phosphorylate serine 15 in vitro and IR activates ATM kinase activity and ATM-deficient cells fail to phosphorylate this site optimally. CAK phosphorylates serine 33 in vitro and IR induces serine 33 phosphorylation. Cdk phosphorylates serine 315 in vitro. PKC phosphorylates and phosphatases 1 and 2a dephosphorylate serine 378 in vitro. pCAF acetylates lysine 320 and p300 acetylates lysine 382 in vitro. IR induces lysine 382 acetylation and serine 376 dephosphorylation. UV induces phosphorylation of serines 15, 33, and 392.
binding of p300/CBP to p53 was of functional importance was consistent with the previous observations that adenovirus E1A and SV40 large T antigen both bind to members of the p300/CBP family (Eckner et al. 1994 (Eckner et al. , 1996 Lill et al. 1997b ) and both disrupt p53 functions (Steegenga et al. 1996) . However, the binding of p300/CBP to p53 in the absence of these viral oncoproteins suggested a more direct mechanism of action and Gu and Roeder subsequently demonstrated that p300 can directly acetylate p53 in the regulatory region of its carboxy-terminal domain and that this acetylation activates the latent sequence-specific DNAbinding activity of p53 . Sakaguchi et al. (1998) then recently demonstrated that the acetyltransferases p300 and PCAF acetylate p53 in vitro at lysines 382 and 320, respectively, that these acetylation events enhance sequence-specific binding of p53, and that lysine 382 becomes acetylated in response to DNA damage in cells. Furthermore, recombinant p53 protein that was phosphorylated previously by DNA-PK appeared to be a better substrate for the acetyltransferases than unphosphorylated p53. This latter observation suggests that a series of post-translational modifications may work interdependently, both in terms of their occurrence and their functional consequences (Fig. 2) .
Redox modulation
The relationship between p53 and intracellular redox parameters is probably quite complex, interacting at all levels of p53 induction and function. Reactive oxygen species are likely to be a signal that induces p53 and, in turn, the redox state of p53 appears to strongly influence its DNA binding and transcriptional activation function. For example, oxidized p53 loses its sequence-specific DNA-binding capabilities (Hainaut and Milner 1993a) , and divalent metal cations, whose binding to p53 is dependent on the reduced state of certain cysteine residues, are critical for p53 function (Hainaut and Milner 1993b; Delphin et al. 1994; Verhaegh et al. 1997) . Furthermore, nitric oxide and thioredoxin reductase have recently been shown to affect p53 conformation and/or transcriptional activity (Calmels et al. 1997; Pearson and Merrill 1998) . The demonstration that the redox/repair protein, Ref-1, activates the DNAbinding and transactivation activities of p53 (Jayaraman et al. 1997) further stresses the potential functional importance of the redox state of p53. It is unknown whether the redox state of p53 influences the post-translational modifications of p53 discussed above. Finally, emphasizing the continuing interaction of p53 and redox status in all aspects of p53 signaling pathways, it has been suggested that p53-mediated induction of genes involved in the generation of reactive oxygen generation contributes to p53-mediated apoptosis (Polyak et al. 1997) . Continued characterization of the interplay between intracellular redox status and p53 induction and function is likely to be an informative avenue of investigation in the future.
Alterations in p53 intracellular localization
To bind to DNA and activate transcription, p53 must be located in the nucleus. Cell lines derived from certain tumors, such as germ cells and neuroblastomas, have significant amounts of p53 protein in the cytoplasm and it has been suggested that this a potential mechanism of inactivating p53 function even in the presence of wildtype gene sequences (Moll et al. 1992 (Moll et al. , 1995 . Though the cytoplasmic p53 protein in these cells is almost certainly inactive, DNA damage does appear to induce p53 levels and function in the nucleus (Goldman et al. 1996) . Nevertheless, intracellular transport of p53 remains a potential important mechanism of functional regulation and it has recently been suggested that part of the influence of Mdm2 on p53 proteolysis is its ability to enhance transport of p53 protein out of the nucleus and into the cytoplasm where it is targeted for degradation (Roth et al. 1998) . 
Binding proteins that modulate p53 activity
A final mechanism of modulating p53 activities to consider is via the binding of other intracellular proteins. Numerous viral and cellular proteins interact with p53 and, as illustrated above, can work by a number of different mechanisms, including altering the rate of p53 degradation, influencing the DNA-binding or transcriptional capabilities of p53, or affecting the intracellular localization of p53. Some proteins, such as Mdm2, which appears to have effects on p53 protein localization, halflife, and transcriptional activity, may work by multiple mechanisms. Alternatively, a variety of different proteins may affect the same function. For example, similar to the interactions of p53 with histone acetylases, the recent demonstration that HMG-1 binds to and activates p53 (Jayaraman et al. 1998 ) also implicates it in the transcriptional activation function of p53. Similarly, the interaction of Ref-1 with p53 (Jayaraman et al. 1997 ) was initially identified because of its ability to enhance the sequence-specific DNA binding of p53. However, whether Ref-1 is influencing p53 function by affecting redox status or by some other mechanism remains uncertain. A novel protein that binds to p53, p33 ING1 , was cloned recently using a screen for genetic suppressor elements (Garkavtsev et al. 1998) . Preliminary investigations suggest that the growth suppressive effects of ING1 and p53 are interrelated and require the activity of both gene products, although the mechanism of this interdependence remains uncertain. p53 has also been reported to bind to replication protein A (Dutta et al. 1993; Abramova et al. 1997) ; however, the physiologic ramifications of this binding remain unclear. Again, emphasizing the theme that these different mechanisms of modulating p53 function appear to be interactive with each other, many of these binding proteins will work by altering one or more of the processes discussed above, such as directly or indirectly affecting p53 half-life. Furthermore, phosphorylation events will likely affect some of these interactions (e.g., Mdm2 binding) or these interactions could affect a post-translational modification, such as acetylation. A final level of complexity to consider is that post-translational modifications of these binding proteins may affect their ability to interact with p53. Examples of this include the reports that phosphorylation of Mdm2 by DNA-PK will inhibit its ability to bind to p53 (Mayo et al. 1997 ) and that DNA damage-induced phosphorylation of replication protein A (RPA) inhibits its ability to bind p53 (Abramova et al. 1997 ).
Specific mechanisms involved in specific signaling pathways
A wide variety of genotoxic and nongenotoxic stimuli induce p53 protein and activity in cells as listed above. It appears that there will be some shared mechanisms of p53 induction and activation with these various stimuli and some unique mechanisms (Fig. 3) . For example, the ATM kinase appears to be important for p53 induction following IR, but not following UV radiation (Khanna and Lavin 1993; Canman et al. 1994; Siliciano et al. 1997) . HIF-1␣ may play an important role in p53 induction during hypoxia, but is probably not involved with the other stimuli. Mdm2 interactions with p53 are altered after both DNA damage and oncogene activation, but apparently by different mechanisms (Shieh et al. 1997; de Stanchina et al. 1998; Zindy et al. 1998) . In the following sections we discuss what is known about the details of signaling to p53 from different stimuli. The signaling mechanisms used by activated oncogenes will not be covered because they are discussed in detail in the accompanying review by Sherr (1998) . It is worth noting, however, that oncogene signaling via p19
Arf depends at least in part on Mdm2 interactions with p53 but, unlike the p53 induction seen after DNA damage, serine 15 phosphorylation is not altered (de Stanchina et al. 1998) . 
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Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from IR DNA strand breaks appear to be a signal sufficient for the induction of p53 (Huang et al. 1996; Nelson and Kastan 1994) , but it remains to be formally demonstrated that IR induces p53 solely by the DNA strand breaks caused by the generation of ROS. Though exact mechanisms remain to be clarified, the increase in p53 protein levels following IR appears to result from a combination of increased protein half-life and increased mRNA translation (see above). It has been known for some time that induction of p53 by IR is suboptimal in cells that lack the expression of the ATM kinase (Kastan et al. 1992; Khanna and Lavin 1993) . Recently, this concept was extended by the demonstrations that IR induces phosphorylation of serine 15 (Shieh et al. 1997; Siliciano et al. 1997) and that this post-translational modification is decreased markedly after IR in cells lacking ATM (Siliciano et al. 1997) . It should be noted, however, that ATM-null cells exhibit some serine 15 phosphorylation after IR, suggesting the presence of a ''back-up'' kinase or intermediate kinase (Siliciano et al. 1997; Canman et al. 1998) . Prives and colleagues suggested that this phosphorylation event could contribute to both increased p53 half-life and increased p53 transcriptional activity by decreasing the ability of Mdm2 to bind to p53 (Shieh et al. 1997) . Consistent with this notion, it was demonstrated that, whereas unphosphorylated p53 had a DNA binding capacity similar to the phosphorylated p53 induced by DNA damage, p53 transcriptional activity was correlated with serine 15 phosphorylation by only being evident in the damaged cells (Siliciano et al. 1997) .
The importance of the ATM kinase in this IR-induced signaling pathway (Fig. 2) was further established by the recent demonstration that ATM kinase is capable of phosphorylating p53 in vitro on serine 15 and that the ATM kinase activity is enhanced following IR (Canman et al. 1998; Banin et al. 1998 ). These results suggested that ATM was directly phosphorylating p53 on this site in response to IR. Because ATM is important in a variety of cellular responses to IR that do not involve p53 protein (Morgan and Kastan 1997) , it is likely that there will be other targets for the ATM kinase as well. Interestingly, ATM was also implicated in a radiation-induced dephosphorylation event (Fig. 2) . IR causes a loss of a phosphate group from serine 376 in the carboxyl terminus of p53 in an ATM-dependent manner and this dephosphorylation event results in creation of a binding site for 14-3-3 proteins and enhancement of sequence specific DNA binding (Waterman et al. 1998 ). Although it is unlikely that the ATM protein has intrinsic phosphatase activity, it is conceivable that a phosphatase that acts on serine 376 is activated by ATM after IR. Finally, it has been suggested recently that DNA-PK activity is necessary but not sufficient for induction of p53 DNAbinding and transcriptional activity, but does not participate in the damage-induced increase in p53 protein levels (Woo et al. 1998) . Although it remains to be determined how DNA-PK influences this activity and whether it is a direct or indirect effect, these observations support the concept that there is more to p53 activation after DNA damage than the simple increase in p53 protein levels.
As discussed above, there are many other potential phosphorylation sites in the p53 protein, but their modulation in response to various stimuli is just beginning to be elucidated. Topoisomerase inhibitors that also create strand breaks in DNA, such as etoposide or camptothecin, have been shown to activate a kinase which phosphorylates a site in the amino terminus of p53 and casein kinase I has been implicated as the likely kinase (Knippschild et al. 1997) . Whether this is the same site previously identified as the second IR-induced phosphorylation site in the amino-terminal region of p53 (Siliciano et al. 1997 ) and whether CKI is the actual in vivo kinase remains to be clarified. IR-induced phosphorylation of serine 33 has also recently been reported, although the in vivo kinase has not been clarified . Interestingly, CAK has been shown to phosphorylate serine 33 in vitro (Ko et al. 1997 ) and would be an attractive candidate for such an IR-induced event; however, CAK has also been reported to phosphorylate carboxy-terminal serines in p53 and stimulate its sequence-specific DNA binding (Lu et al. 1997) . The role of CAK in phosphorylating one or more of these sites in response to IR or other stimuli in vivo remains to be clarified.
In addition to the induction of serine 15 phosphorylation and serine 376 dephosphorylation, the other posttranslational modification shown to occur in vivo in response to the exposure of cells to IR is the acetylation of lysine 382 (Fig. 2) . Because this acetylation event appears to be influenced by the phosphorylation status of certain serines, the concept that such post-translational modifications are working in a coordinate manner is supported.
UV radiation
UV-C irradiation is also a potent inducer of p53 protein and the signaling mechanisms used by UV radiation appear to have some steps in common and some steps that are distinct from those involved in signaling to p53 after IR. It has been suggested that, similar to IR, the initial signal leading to p53 induction after UV treatment is dependent on the generation of DNA strand breaks. In the case of UV, these strand breaks appear to be caused either by excision repair or replication past thymine dimers and the signal does not appear to be the damaged DNA bases themselves (Nelson and Kastan 1994) . However, it has also been suggested that UV signals to p53 via the generation of thymine dimer-induced stalled transcription complexes (Ljungman and Zhang 1996; Dumaz et al. 1997) . The induction of acetylation of lysines 320 and 382 appears to also be shared by IR and UV radiation .
However, clear differences exist in p53 induction following UV radiation versus IR. For example, UV signaling to p53 does not depend on the ATM kinase. Both induction of p53 (Khanna and Lavin 1993; Canman et al. 1994 ) and phosphorylation of serine 15 (Siliciano et al. 1997 ) occur in ataxia-telangiectasia (AT) cells after UV irradiation. Interestingly, this latter observation suggests that a different kinase is induced by UV than IR, but that this UV-induced kinase is capable of phosphorylating the same site (Fig. 2) . Additionally, in contrast to IR, UV irradiation does not increase ATM kinase activity in the cell (Canman et al. 1998) . A second distinction between UV and IR appears to be the induction of serine 392 (human) phosphorylation, which is observed following UV, but not IR (Kapoor and Lozano 1998; Lu et al. 1998) . Interestingly, this phosphorylation event is associated with increased sequence-specific DNA binding (Kapoor and Lozano 1998; Lu et al. 1998 ) and has been suggested to stabilize tetramer formation of p53 . As this phosphorylation event does not appear to be occurring following IR, some other events after IR must compensate for the lack of this particular modification such that IR can also lead to enhanced tetramer formation, DNA binding, and transcriptional activation. Differences in some of the p53-induced downstream events, such as cell cycle arrest and apoptosis, also exist between IR and UV, but the dependence of these differences on distinct post-translational modifications or binding proteins remain to be clarified.
Hypoxia
Similar to IR, low oxygen conditions cause the nuclear accumulation of p53 and increase the DNA-binding and transactivation activity of wild-type p53 in cells (Graeber et al. 1994; Kim et al. 1997 ). However, unlike IR, the accumulation of cells in G 1 phase by hypoxia is not dependent solely on wild-type p53 function at low oxygen conditions (0.02% oxygen) (Graeber et al. 1994; Green and Giaccia 1998) . These results suggest that there are multiple pathways leading to cell cycle growth arrest, and that the signal transduction pathway for growth arrest induced by hypoxia is at least partially distinct from the signal transduction pathway for growth arrest induced by IR (Fig. 3) .
What is the trigger for p53 induction under low oxygen conditions? Hypoxia is unlikely to cause DNA damage directly, and little to no evidence exists for indirect damage to DNA. One group has reported increased endonuclease activity in lysates isolated from chronically anoxic fibroblasts (cells that were cultured in the complete absence of oxygen for 16 hr or more) (Stoler et al. 1992 ). However, they were unable to measure any increase in cellular DNA strand breaks generated in anoxia-treated cells as compared to untreated cells, and suggested that the endonuclease(s) induced by anoxia may be secreted by anoxic fibroblasts during wound debridement and healing. The possibility that some DNA damage, undetectable by present biochemical assays, is caused by hypoxia cannot be ruled out. However, DNA damage is not the primary insult of hypoxia and yet hypoxia causes p53 accumulation of the same magnitude as that caused by ionizing radiation for treatments with similar or lower cytotoxicities (Graeber et al. 1994) , again arguing against DNA damage being the trigger for p53 accumulation by hypoxia. The increase of p53 in response to hypoxia is also not a result of a general stress-induced increase in protein synthesis as hypoxia causes a reduction in overall cellular protein synthesis (McCormick and Penman 1969; Heacock and Sutherland 1986; Pettersen et al. 1986 ). Thus the mechanism for the induction of p53 under low oxygen conditions is different than that for DNA damage.
Although DNA damage does not seem to be the signal for p53 induction under hypoxia, preliminary studies suggest that p53 is phosphorylated at serine 15 under hypoxic conditions (C. Koumenis, J. Siliciano, R. Alarcon, Y. Taya, M. Kastan, and A. Giaccia, unpubl.) . Whether other sites are phosphorylated is still unknown, but this result further supports the significance of serine 15 phosphorylation in p53 stabilization. In addition, studies from several groups have also suggested that redox-sensitive proteins such as HIF-1␣ and Ref-1 (Jayaraman et al. 1997) can interact with p53 and alter its activity or levels. As both of these proteins are redox sensitive, the implication of these observations is that redox stress, whether it be oxidative or reductive in nature, will activate redox-sensitive proteins that will stabilize p53 protein levels. Future studies will be required to understand the role of protein phosphorylation and protein-protein interaction in p53 stabilization under hypoxic conditions, and how these interactions affect p53's biological activity in promoting apoptosis (Graeber et al. 1996; Kim et al. 1997) .
Cell adhesion
The paradigm for p53 regulation by stress emanates from the analysis of tumor cells, and transformed and untransformed fibroblasts and lymphocytes. In these cell types, the level of p53 protein in unstressed cells is low but, upon exposure to stress, becomes elevated. Several reports suggest that p53 regulation in epithelial cells and keratinocytes deviates from this paradigm (Delmolino et al. 1993; Girinsky et al. 1995; Weinberg et al. 1995; Nigro et al. 1997) and are highly susceptible to changes in cell attachment (Nigro et al. 1997 ). Thus, cell adhesion pathways play an important role in modulating p53 expression through an as yet undefined signal transduction pathway, most probably originating from cell surface changes in adhesion molecule expression. Further studies will be required to understand the interplay between cell adhesion signaling to p53 and how it affects signaling to p53 by other forms of stress.
Decreased rNTP
Depletion of ribonucleotide (rNTP) pools activates p53 through a DNA damage-independent signaling pathway (Linke et al. 1996) . Although this supposition is supported by experimental evidence, it is now possible to investigate this question more biochemically with regard to p53 modifications that are induced by this metabolic stress. The signaling mechanism and the actual metabolic signal for induction of p53 by rNTP is un-known, but it may lead to a novel pathway for p53 activation that could be used to pharmacologically modulate p53 independent of traditionally employed chemotherapeutic agents.
Conclusion
The wide range of genetic, environmental, and metabolic stimuli that activate p53 clearly distinguishes it from other known tumor suppressor genes. p53 both senses stress-promoting conditions, be they internal or external, and signals the appropriate response in a stress-and cell type-specific manner. Increasing our knowledge of the different signal transduction pathways and mechanisms of p53 activation used by different stresses will allow the future design of critical and specific modulators of p53 activity. The next challenge will be to selectively modulate p53 activity under pathophysiological conditions that generate redox stress to prevent tissue damage, or in tumors to restore sensitivity to anti-cancer therapeutics.
